The formalism based on the total energy bifunctional ͑E͓ I , II ͔͒ is used to derive interaction energies for several hydrogen-bonded complexes ͑water dimer, HCN-HF, H 2 CO-H 2 O, and MeOH -H 2 O͒. Benchmark ab initio data taken from the literature were used as a reference in the assessment of the performance of gradient-free ͓local density approximation ͑LDA͔͒ and gradient-dependent ͓generalized gradient approximation ͑GGA͔͒ approximations to the exchange-correlation and nonadditive kinetic-energy components of E͓ I , II ͔. On average, LDA performs better than GGA. The average absolute error of calculated LDA interaction energies amounts to 1.0 kJ/ mol. For H 2 CO-H 2 O and H 2 O-H 2 O complexes, the potential-energy curves corresponding to the stretching of the intermolecular distance are also calculated. The positions of the minima are in a good agreement ͑less than 0.2 Å͒ with the reference ab initio data. Both variational and nonvariational calculations are performed to assess the energetic effects associated with complexation-induced deformations of molecular electron densities.
I. INTRODUCTION
The subsystem formulation of density-functional theory ͑DFT͒ introduced by Cortona, 1 provides an alternative to the methods using Kohn-Sham equations. 2 The total electron density is represented by means of several sets of oneelectron functions ͑embedded orbitals͒, one for each subsystem. Practical applications of this formalism involve approximating two types of quantities: the exchangecorrelation functional, E xc ͓͔ defined as in conventional Kohn-Sham calculations, and the nonadditive kinetic-energy bifunctional ͑T s nad ͓ I , II ͔ = T s ͓ I + II ͔ − T s ͓ I ͔ − T s ͓ II ͔͒. This formalism is naturally suited for modeling intermolecular interactions for which the subsystems can be chosen to correspond to molecules forming the complex. 3 In our previous work, 4 we analyzed the adequacy of local density approximation ͑LDA͒ and generalized gradient approximation ͑GGA͒ applied to these energy components for the complexes formed by nonpolar molecules. In such a case, the energetics of the complex is determined by the electrondensity overlap and no significant complexation-induced changes of the electron density of each molecule can be expected. This work concerns a different case. The analyzed intermolecular complexes are formed by strongly polar molecules and are hydrogen bonded. A noticeable deformation of the electron density of each monomer is expected to take place upon complexation. This fact makes the results strongly dependent on the accuracy of the effective potentials, i.e., functional derivatives of the applied approximate functionals E xc ͓͔ and T s nad ͓ I , II ͔. The following groups of complexes are considered: ͑a͒ ten water dimer structures corresponding to stationary points on the potential-energy surface ͑one of which is the global minimum͒; ͑b͒ seven water dimer structures along the potential-energy curve showing the angular dependence of the interaction energy; ͑c͒ MeOH -H 2 O, H 2 CO-H 2 O, and HCN-HF complexes in their equilibrium geometries; and ͑d͒ H 2 CO-H 2 O and H 2 O-H 2 O potential-energy curves showing the distance dependence of the interaction energy.
In this work, we analyze the accuracy of the LDA and GGA functionals by comparing calculated interaction energies with the results of benchmark high-level ab initio calculations taken from the literature.
II. METHOD
For the particular case of two spin-compensated interacting subsystems ͑labeled with I and II͒, the total energy is represented as a functional of two sets of one-electron functions ͕͑ i I ͖ and ͕ i II ͖͒ in the subsystem formulation of DFT, 
and where V͓͔ and J͓͔ denote the functional of energy of the interactions of electron density with an external field and classical electron-electron repulsion energy, respectively. Atomic units are used throughout this work. Each of the two sets of orbitals, which minimize the energy of two interacting subsystems, is obtained from the corresponding Kohn-Sham-type one-electron equation. These equations will be labeled here as Kohn-Sham equations with constrained electron density ͑KSCED͒ to underline the difference with the Kohn-Sham equations,
where
and where V eff KS ͓ I ͔͑r͒ denotes the conventional Kohn-Sham effective potential whereas the additional part representing the coupling between the subsystems takes the following universal form:
.
͑6͒
The presence of the last term in Eq. ͑6͒, originating from the nonadditivity of the functional of the kinetic energy of the noninteracting electrons leads to many consequences. In particular, the functional derivatives with respect to I and II are different. Due to the differences of the effective potentials in Eqs. ͑3͒ and ͑4͒, the orbitals belonging to different subsystems do not have to be orthogonal. The presence of the nonadditive kinetic-energy term in the effective potential affects also all other quantities depending on the total electron density, the exchange-correlation energy, in particular.
At each geometry of the intermolecular complex, the interaction energy is calculated in a straightforward manner as the difference between the KSCED energy of the complex and the Kohn-Sham energies of two isolated subsystems. Note that the KSCED energy of two infinitely separated subsystems equals to the sum of the Kohn-Sham energies of the isolated subsystems.
III. COMPUTATIONAL DETAILS
In LDA calculations, the exchange-correlation functional combining Dirac's form of the exchange energy and the parameterization of Vosko et al. 5 of the Ceperley-Alder 6 reference data for the correlation energy functional was used. The nonadditive kinetic energy was approximated using the Thomas-Fermi formula for the kinetic energy. 7, 8 In GGA calculations, the Perdew-Wang 9 ͑PW91͒ exchange-correlation functional was used whereas the nonadditive kinetic-energy bifunctional T s nad ͓ I , II ͔ was approximated using the Lembarki-Chermette 10 gradient dependency of T s ͓͔ which was shown in Ref. 11 to provide a good approximation to the nonadditive kinetic-energy functional and potential in the case of weakly overlapping densities I and II .
For all calculations, the following program options and parameters were applied: core-type density matrix guess, 10 −6 a.u. self-consistent-field ͑SCF͒ energy convergence criterion, pruned fine grid ͑99,590͒p, and four "freeze-andthaw" cycles. 3 The aug-cc-pVQZ basis set was used. 12, 13 For each subsystem, its electron density was expanded using atom-centered basis sets localized on all atoms in both subsystems as described in detail in Ref. 14 ͓KSCED͑s͒ calculations͔. Basis set superposition error 15 ͑BSSE͒ was taken into account via counterpoise correction technique. 16 Automatically generated auxiliary functions labeled GEN-A4 * ͑Ref. 17͒ were used. All the interaction energies are corrected for grid superposition error. 18 Equations ͑1͒-͑6͒ were implemented 19 in the new version of deMon program 20 which was used in all reported calculations. For each the systems considered in this work, the interaction energies were calculated for the same geometries as in the publication providing reference data. It is worthwhile to specify that in the case of stationary points of the water dimer the reference interaction energies taken from Ref. 21 were obtained taking into account complexation-induced changes of the geometry of each monomer whereas for all other systems the changes of the geometry of the monomers due to the complexation were not taken into account in the reference data set. Nevertheless, the effect of this geometrical relaxation on the interaction energies is known to be rather small in the case of weak hydrogen bonds ͑0.4 kJ/ mol in the case of water dimer, for instance͒. 22, 23 
IV. RESULTS AND DISCUSSION
The aim of the present work is the estimation of the overall errors in the LDA and the chosen GGA approximation to the exchange-correlation and nonadditive kineticenergy functionals and to detect possible flaws of the associated potentials. To this end, a rather large basis set was used in all calculations: electron density was expanded using atomic aug-cc-pVQZ basis localized on all atoms of the complex ͓KSCED͑s͒ calculations͔. However, such a basis set is obviously not needed in practical calculations. Before presenting the main body of results, the dependence of the KSCED interaction energy on the basis set and the importance of the basis set superposition error are analyzed. For comparison corresponding Kohn-Sham results are also given. The analysis of the convergence of the Kohn-Sham results with the basis set uses the same series ͑aug-cc-pVXZ, X =D, T, Q, or 5͒ as the one applied in similar analyses by Wang and Wilson. 24 Below, we follow the notation from Ref. 22 : ͑i͒ the electronic energy of a molecular system M at geometry G computed with basis set
energy corrected by means of the function counterpoise ͑fCP͒ technique by Boys and Bernardi; 16 ͑iv͒ ⌬E͑BSSE͒ = ⌬E͑fCP͒ + E rel ͑A͒ + E rel ͑B͒ is the fCP corrected interaction energy including the relaxation effects of the geometry of each monomer; ͑v͒ E rel ͑A͒ = E AB ␣ ͑A͒ − E A ␣ ͑A͒; and ͑vi͒
The interaction energies computed using the LDA functionals within either the Kohn-Sham or KSCED frameworks for the global minimum of the water dimer, 21 for the series of aug-cc-pVXZ basis sets ͑X =D, T, Q, 5͒ 12, 13 are collected in Tables I and II. It should be noted that ⌬E is equal to ⌬E͑BSSE͒ in the case of the monomolecular expansion in KSCED. A similar convergence pattern occurs for KS and KSCED with supermolecular expansion. However, the KSCED͑s͒ convergence is slower. If the geometry relaxation is accounted for in KSCED͑s͒ calculations, the BSSE corrected ͓⌬E͑BSSE͔͒ and uncorrected ͓⌬E͔ interaction energies converge to almost the same limit ͑−20.76 vs −20.79 kJ/ mol͒. This trend matches the one in conventional Kohn-Sham calculations ͑see Table I͒. The quantities ⌬E, ⌬E͑fCP͒, and ⌬E͑BSSE͒ derived from KSCED with supermolecular and monomolecular expansions converge to the numerical values differing by less than 0.7 kJ/ mol in the used series of basis sets ͑see Table II͒. The differences between ⌬E͑BSSE͒ and ⌬E͑fCP͒, which represent the effects of the relaxation on the geometry of the monomers, are of the order of −0.4 kJ/ mol ͑for aug-ccpVQZ͒.
The main part of the results section is organized in the following way. We start with the analysis of the accuracy of LDA and GGA functionals by comparing the KSCED interaction energies in the water dimer at various geometries with the results of high-level ab initio calculations taken from the literature. The considered geometries include stationary points on the potential-energy surface and points representing the angular dependence of the interaction energy of a hydrogen-bonded dimer. These results are followed by the analysis of the significance of complexation-induced relaxation of the electron density. In the following part, the accuracy of the potential-energy curves, corresponding to changes in various intermolecular degrees of freedom, is analyzed. Finally, the significance of the nonadditive kineticenergy component of the interaction energy is discussed.
A. KSCED interaction energies at equilibrium geometries
Interaction energies of ten water dimer structures, which correspond to stationary points on the potential-energy surface, were calculated using KSCED formalism and LDA and GGA functionals to approximate E xc ͓͔ and T s nad ͓ I , II ͔. The CCSD͑T͒ structures and interaction energies taken from Ref.
21 are used as a reference. Among these structures are the global minimum of water dimer ͑Minគ1͒, three transition states ͑Tsគ2, Tsគ4, and Tsគ9͒, and six higher order saddle points ͑Stគ3, Stគ5, Stគ6, Stគ7, Stគ8, and Stគ10͒. The numbering of these structures is the same as the one used in the original publication. 21 The calculated interaction energies and the reference data are shown graphically on Figs. 1 and 2 for GGA and LDA functionals, respectively. Similar comparisons of KSCED ͑GGA and LDA͒ results with ab initio reference data 25 were made for seven other structures of the water dimer. Opposite to the previous set of structures, these geometries do not correspond to stationary points on the potential-energy surface but are the structures generated via rotation ͑ = −52°, −22°, −8°, 38°, 68°, 98°, and 128°͒ of one of the water molecules keeping the inter- The reference data used for two water dimer sets is of a different quality. In one case, interaction energies were obtained using CCSD͑T͒ method and in another case using SAPT. The differences between these two types of highquality reference data are in the range of 0.2 kJ/ mol ͑Ref. 25͒ which are smaller than the expected errors of the KSCED interaction energies. 4 Therefore, our results are shown for both sets of water dimers on the same figures.
The KSCED͑LDA͒ interaction energies agree better with the reference data than the KSCED͑GGA͒ ones for both sets of water dimers ͑see Figs. 1 and 2͒ . Below, we associate the differences between the KSCED interaction energy and the reference data ͓either CCSD͑T͒ or SAPT͔ as an error of the functionals used in KSCED calculations. The average absolute error of the KSCED interaction energy for ten stationary points on the potential-energy surface equals to 2.94 and 0.46 kJ/ mol for GGA and LDA functionals, respectively. The corresponding standard deviations are 0.57 and 0.48 kJ/ mol. For the other set of reference data ͑seven points representing angular dependence of interaction energy͒ the average absolute error of the KSCED interaction energy equals to 3.92 and 1.26 kJ/ mol for GGA and LDA functionals, respectively. The corresponding standard deviations are 0.82 and 0.67 kJ/ mol for GGA and LDA, respectively.
The KSCED interaction energy is also calculated for three additional complexes: MeOH -H 2 O, H 2 CO-H 2 O, and HCN-HF ͑two isomers͒ at their minimum-energy geometries. The optimized geometries and corresponding interaction energy values for the first two dimers were taken from Ref. 27 whereas the last one ͑two stationary points on the potential-energy surface corresponding to the linear and bent isomeric forms͒ were taken from Ref. 28 . The interaction energies are collected in Table III together with the reference values. For all computed interaction energies, the average absolute error equals to 3.18 and 1.05 kJ/ mol at the GGA and LDA levels, respectively. The corresponding standard deviations amount to 0.87 and 1.33 kJ/ mol.
B. Electron-density relaxation
Since the considered dimers consist of polar molecules, significant changes of the electron densities I and II can be expected. In this section, the influence of this effect on the interaction energy is analyzed in detail. To this end, we report here also nonvariational interaction energies. Such energies are obtained without solving the KSCED equations ͓͑3͒ and ͑4͔͒ but by using Eq. ͑1͒ to evaluate the total energy of the dimer and subtracting the Kohn-Sham energies of the monomers. If no relaxation is allowed, several terms in the interaction energy cancel each other leading to the same energy expression as the one in the Gordon-Kim model. 29 The two ways of calculating interaction energy ͑that of Gordon and Kim and nonvariational calculations reported here͒ differ in several technical details such as the use of different nonperturbed densities I and II ͑Hartree-Fock versus KohnSham͒ and the use of GGA functionals in addition to LDA ones used in the Gordon-Kim model.
The nonvariational interaction energies are shown graphically on Figs. 1 and 2 . As expected, all nonvariational interaction energies are smaller in magnitude than the variational ones discussed before. The decrease of the interaction energy resulting from the complexation-induced change of the embedded orbitals ͑and the electron density of each subsystem͒ is noticeable in all cases. For the ten stationary points, the average absolute error of the calculated nonvariational interaction energy equals to 1.37 and 3.77 kJ/ mol for GGA and LDA functionals, respectively. The corresponding standard deviations amount to 1.70 and 2.24 kJ/ mol. For the other set of reference data ͑seven points representing the angular dependency of interaction energy͒, the average abso- lute errors are equal to 1.14 and 2.59 kJ/ mol for the GGA and LDA functionals, respectively. The corresponding standard deviations equal to 1.26 and 1.39 kJ/ mol. Interestingly, the nonvariational GGA interaction energies agree quite well with the reference data. This agreement for the water dimer is most probably fortuitous.
C. KSCED potential-energy surfaces
One of possible applications of the subsystem formulation of DFT is the study of the properties of potential-energy surfaces where not only the magnitude of the interaction but also the equilibrium geometry is of key interest. In order to asses the applicability of this formalism using the LDA and GGA functionals, the potential-energy curves corresponding to the variation of intermolecular distance were obtained for the water dimer and the H 2 CO-H 2 O complex.
The KSCED interaction energies for different intermolecular distances at the equilibrium geometry orientation of the monomers are shown graphically on 
V. CONCLUSIONS
This work forms an extension of our previous analyses of the overall performance of the local density approximation and generalized gradient approximation to the exchangecorrelation and nonadditive kinetic-energy components of the total energy functional in describing the energetics of weakly interacting molecules. The chosen systems involve hydrogen-bonded polar molecules. The overall accuracy of the calculated interaction energies depends on both the accuracy of the potentials associated with the exchangecorrelation and nonadditive kinetic functionals as well as on these functionals themselves. The potentials determine the complexation-induced changes of the electron densities of the interacting molecules. For a number of cases, it was shown that, indeed, the energetic effects associated with the complexation-induced changes of the electron densities are not negligible. It is generally found that both GGA and LDA functionals lead to a reasonable description of the key parameters of the potential-energy surface of each considered complex. The average absolute error of the KSCED͑LDA͒ interaction energies calculated for all considered complexes equals to 1.05 kJ/ mol. On average, LDA interaction energies and equilibrium geometries agree better with high-level ab initio reference data than the GGA ones. The LDA equilibrium intermolecular distances reproduce almost exactly the reference data, whereas the GGA equilibrium intermolecular distances are somewhat shorter ͑by less than 0.2 Å͒. This indicates that the errors in the nonadditive kineticenergy and exchange-correlation energy functionals ͑and/or potentials͒ compensate better at the LDA than GGA level.
Following March and Santamaria 31 such compensation can be explained in the LDA case by the fact that the exchange and kinetic functionals use the same approximation to one-particle density matrix. 32 Unfortunately, a similar construction of a pair of functionals based on the same approximation to one-particle density matrix is not unique for gradient-dependent functionals although it can be made by introducing additional assumption as proposed by Lee et al. 33 Our choice of the pair of gradient-dependent approxi- mations for exchange-and nonadditive kinetic-energy functionals follows the Lee et al. route and was shown previously to be adequate for the complexes involving pi-stacked molecules for which local density approximation fails. 4 The fact that the hydrogen-bonded systems provide another example, besides very weak complexes analyzed in Ref. 4 , of a good compensation of errors in all approximated quantities ͑exchange-correlation and nonadditive kinetic-energy functionals and the associated potentials͒ whereas it fails for pistacked systems 4 requires a more detailed analysis. Works on identifying the origin of this compensation in such two different classes of complexes are currently in progress in our lab.
The analysis of the numerical values of T s nad ͓ I II ͔ indicates that the nonadditive kinetic energy is a very significant component of the total interaction energy at both LDA and GGA levels.
